Colonization of the colon and vagina is thought to be important in the pathogenesis of group B Streptococcus (GBS) infection. However, little is known about the strategies used by GBS to translocate through the epithelial barrier during the onset of disease. We used differentiated epithelial cells grown on transwell inserts as a model of the epithelial barrier. Bacterial translocation occurred without a detectable decrease in transepithelial resistance. Whereas acapsular GBS was better able to adhere to and invade epithelial cells, the percentage of bacteria translocating across the epithelial monolayer was independent of the presence of the capsule. Transmission electron microscopy showed the intimate association of GBS with intercellular junctions and the capacity to cross the monolayer by a paracellular mechanism. This process consisted of an active and transient opening of cell junctions. Indeed, GBS was preferentially found along the cell perimeter, where it colocalized with junctional protein complexes.
Infection with group B Streptococcus (GBS), in addition to being the major cause of neonatal septicemia and meningitis, has recently been recognized as an increasingly common cause of invasive disease in nonpregnant adults. Pathogenic GBS strains are mainly encapsulated and can be serologically classified according to the presence of type-specific capsular polysaccharides, which are important virulence factors and stimulators of antibody-associated immunity. Common clinical manifestations of GBS infection include skin and soft-tissue infections, bacteremia, osteomyelitis, urosepsis, and pneumonia. GBS meningitis in adults is a rare disease that occurs in persons at high risk, whereas mortality from invasive disease is particularly high in the elderly.
GBS behaves as a commensal organism that colonizes the lower gastrointestinal or genital tract of healthy adults. To gain access to the blood circulation, GBS traverses defined anatomic barriers, such as the cervical or vaginal epithelium. It is believed that GBS transcytoses across the epithelial or endothelial cell layer, after adhesion [1] [2] [3] and internalization, by an unknown mechanism that requires actin microfilaments but not microtubules [4] . Invasion by GBS involves intimate attachment of streptococcal chains to the plasma membrane, engulfment of the adherent bacteria by cellular protrusions, and formation of membrane-bound vacuoles in which most of the intracellular streptococci reside [5] .
The alpha C protein mediates translocation of GBS across epithelial barriers by facilitating invasive GBS infection [6] . However, these data do not exclude the possibility that GBS may use an alternative route. Several pathogenic bacteria have recently been shown to preferentially associate with epithelial and endothelial cell intercellular junctions, suggesting that some of them may use a paracellular route of entry. For example, Helicobacter pylori appears to target host cell intercellular junctions and to disrupt junction-mediated functions [7] , and Haemophilus influenzae uses a zipper-like paracytosis mechanism that maintains an intact epithelial monolayer [8] . Moreover, group A Streptococcus, during CD44-dependent binding to polarized monolayers of human keratinocytes, induces disruption of intercellular junctions and promotes tissue penetration through a paracellular route [9] . Here, we report that GBS is able to traverse an epithelial monolayer by associating with intercellular junctions, without causing any significant modification of transepithelial electrical resistance. Both electron and confocal microscopy provide evidence that GBS is preferentially found between cells and is in close association with the junctional proteins. Furthermore, in this model, GBS does not induce major cytoskeleton rearrangements, because inhibitors of small GTP-binding proteins do not interfere with translocation.
MATERIALS AND METHODS

Antibodies.
Monoclonal mouse anti-keratin antibodies were purchased from Zymed Laboratories. This antibody cocktail recognizes cytokeratins 4, 5, 6, 8, 10, 13, 17, and 18. Rabbit polyclonal anti-ZO-1 antibodies were also obtained from Zymed Laboratories. Goat anti-mouse and anti-rabbit Alexa Fluor-conjugated antibodies (excitation at 488 and 568 nm) were obtained from Molecular Probes.
Cell culture. ME180, a human cervical epithelial cell line, was purchased from the American Type Culture Collection. All cells were maintained in RPMI 1640 medium with 10% heatinactivated fetal bovine serum (FBS). The human colon carcinoma epithelial cell line Caco2 was supplied by American Type Culture Collection and grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 4.5 g/L glucose, and nonessential amino acids.
Bacterial strains. Bacterial strains included COH1, a serotype III strain, described elsewhere [10] ; COH1-13, an acapsulated mutant strain, derived from wild-type strain COH1 by transposon Tn916AE insertional mutagenesis [11] ; 2603 V/R, a serotype V strain recently sequenced [12] ; and 2603 V/R DcpsE, an acapsulated mutant strain derived from wild-type strain 2603 V/R by in-frame deletion of the capsule synthesis gene cpsE. For infection experiments, bacteria were resuspended from 1-mL glycerol stocks and grown in 5 mL of fresh ToddHewitt broth at 37ЊC until they reached an OD 600 of 0.4.
Adhesion and invasion assay. Cells in 24-well plates were infected with ∼10 bacteria/cell in infection medium (basal medium without antibiotics) supplemented with 2% fetal bovine serum in 300-mL volumes. At the end of a 3-h incubation period at 37ЊC in 5% CO 2 (vol/vol), the total number of colonyforming units was estimated after addition of 1% saponin to the wells' contents. Adhesiveness was quantified by determining the ratio of cell-associated colony-forming units versus total colony-forming units present in the assay. For invasion assays at the end of bacterial infection, cells were incubated for 2 h with 100 mg/mL gentamicin and 5 mg/mL penicillin to kill extracellular bacteria. Intracellular bacteria were quantified by counting colony-forming units after saponin lysis.
Annexin V and propidium iodide staining. Cytotoxicity of GBS on epithelial cells was detected by analysis of apoptosis by annexin V binding to phosphatidyl serine [13] and/or by DNA staining with propidium iodide, using flow cytometry. ME180 epithelial cells were incubated for 6 h with 2603 V/R wild-type or 2603 isogenic capsule-deficient mutant at an MOI of 10:1 (bacteria/cells). Before cells were stained with annexin V conjugated to fluorescein isothiocyanate (Bender MedSystems) and propidium iodide, extracellular bacteria were killed by incubation for 1 h with gentamicin-penicillin at 37ЊC. Cell populations positive for annexin V or propidium iodide were analyzed by fluorescence-activated cell sorting. Dexamethasone (1 mmol/L) was used as positive control.
Transcytosis assay. Caco2 and ME180 epithelial cells were cultured on Falcon transwell filters (pore size, 3 mm [to allow the passage of bacteria]) in 24-well dishes. Transepithelial electrical resistance across the monolayer was measured every 3-4 days, and the cells were used when a plateau was reached (∼500 Q/cm 2 for Caco2 cells and ∼300 Q/cm 2 for ME180 cells). This was taken to indicate that the cells had fully differentiated, at which time the monolayers were used. Cells were then inoculated with ∼10 bacteria/cell in the upper media chamber for 2 h, and then nonadherent bacteria were removed with 3 washes in infection medium. After infection, medium from the lower chamber was collected and sampled to calculate the number of viable bacteria that had crossed the monolayer.
Transmission electron microscopy. The transmission electron microscopy protocol was derived from Pujol et al. [14] . In brief, ME180 epithelial cells were cultured on transwell filters and used at conditions identical to those used for transcytosis experiments. Bacterial infection was performed at an MOI of 100:1 to increase the number of events for microscopy analysis. After infection, polyethylene terephthalate (PET) membranes supporting the cells were cut by a scalpel and transferred into 1.5-mL Eppendorf tubes containing 2.5% glutaraldehyde and 2.5% paraformaldehyde in cacodylate sucrose buffer. Samples were fixed overnight and then kept at 4ЊC until being postfixed in 1% OsO 4 and 0.15% ruthenium red in cacodylate buffer. The samples were then blocked with 1% uranyl acetate and dehydrated with serial concentrations of acetone. This step was followed by infiltration of samples and embedding in Eponbased resin. Thin sections were cut with a Reichert Ultracut ultramicrotome by use of a diamond knife, collected on collodion copper grids, stained with uranyl acetate and lead citrate, and observed with a JEOL 1200 EX II electron microscope.
Confocal immunofluorescence microscopy. Cells were cultured on polycarbonate (PET) transwells until transepithelial electrical resistance values reached a plateau. Cells were then infected with bacteria at an MOI of 10:1. At the indicated time points, cells were washed 3 times in PBS and fixed in 2% paraformaldehyde for 30 min at room temperature or at 4ЊC over- night. After fixing, the PET membrane supporting the cells was cut and inserted into a multiwell plate, where the rest of the protocol was performed. Cells were then permeabilized by immersion in 0.1% Triton X-100 in PBS containing 0.05% Tween 20 (PBS-T) for 20 min at room temperature. After a second wash in PBS-T, the cells were stained with phalloidin conjugated with Alexa Fluor dye A 647 (Molecular Probes) in PBS-T for 30 min at room temperature. Phalloidin was then washed off with PBS-T, and the cells were incubated for 30 min with 3% bovine serum albumin in PBS-T. Primary and secondary antibodies were diluted in 1% bovine serum albumin in PBS-T and incubated for 60 min at room temperature. PET membranes were mounted on glass slides with the Slow Fade reagent kit (Molecular Probes) containing 4 ,6 -diamidino-2-phenylindole dihydrochloride before they were viewed on a Bio-Rad confocal scanning microscope. Three-dimensional reconstruction images were created with Volocity software (version 3.1; available at: http://www.improvision.com).
RESULTS
Role of GBS capsule during interaction with epithelial cells.
We used both differentiated ME180 cervical epithelial cells and Caco2 intestinal epithelial cells as in vitro models of the epithelial barrier. Initially, we tested whether the capacity of GBS to adhere to and invade epithelial cells was correlated with the presence of the capsule, as previously reported for endothelial cells [15] . GBS serotype III strain COH1, GBS serotype V strain 2603, and their respective capsule-deficient isogenic mutants COH1-13 and 2603 DcpsE were compared [11] . As shown in figure 1A and 1B, in GBS infections of Caco2 cells, the absence of capsule led to better adhesion to cells and, consequently, to an increased capacity to invade them. We also analyzed whether adhesion and invasion kinetics differed between wild-type and acapsulated mutants. As was seen in infection of Caco2 cells, capsule-deficient GBS strains adhered to and invaded ME180 epithelial cells much more efficiently than did the wild-type strains ( figure 1C and 1D) . However, the kinetics of adherence and invasion differed. Indeed, adhesion to cells reached a plateau after 2 h of infection (figure 1C), whereas invasion by GBS required 4-6 h ( figure 1D) .
Maintenance of the monolayer's permeability after translocation of GBS across fully differentiated epithelial cells. To test whether the GBS capsule affects the capacity to actively translocate across epithelial cells, ME180 and Caco2 epithelial cells were grown on polycarbonate transwell filters until fully differentiated, as indicated by reaching a transepithelial electrical resistance plateau. Unexpectedly, the 2603 V/R acapsulated mutant strain translocated across both ME180 and Caco2 polarized monolayers at a rate similar to that of the wild-type fully capsulated strain (figures 2A and 2B), suggesting that GBS may cross the epithelial barrier by a route that differs from the capsule-dependent intracellular route. The same behavior was noticed for strain COH1 and its capsule-deficient isogenic mutant COH1-13 (data not shown). To confirm that the passage of bacteria was an active process specific for GBS, we compared the translocation of GBS with that of Streptococcus gordonii and Escherichia coli DH5a. As shown in figure 2C , neither S. gordonii nor E. coli DH5a was capable of transversing ME180 cell monolayers, even after 6 h of infection. In the case of ME180 cells, GBS took 4 h to appear in the lower chamber, and the number of bacteria in the lower chamber increased over a further 2 h ( figure 2A ). In contrast, in infections of Caco2 cells, which form a polarized monolayer characterized by intercellular tight junctions defined by high values of electrical resistance (∼500 Q/ cm 2 ), bacteria appeared in the lower chamber 6 h after infection and accumulated at a slower rate (figure 2B). For both cell monolayer types, the transepithelial electrical resistance values remained constant for up to 6 h after infection (data not shown). Thus, the passage of GBS did not cause any discernible disruption of the monolayer within the time span of the experiment. Moreover, GBS growth curves in epithelial cell-conditioned medium showed no significant increase in bacterial replication (data not shown).
To exclude possible cytotoxic effects triggered by GBS during infection of ME180 cells, we used annexin V binding to phosphatidylserine and propidium iodide binding to DNA as indications of early and late, respectively, apoptotic or necrotic cellular events. As shown in table 1, GBS did not induce significant cytotoxicity in the time span and at the MOI of transcytosis experiments. We further monitored potential apoptotic events triggered by GBS infection by assessing cellular DNA content.
No appearance of a subdiploid DNA population, an index of nuclear DNA fragmentation, was observed during up to 48 h of incubation of GBS with ME180 cells (data not shown).
The preferential association of GBS with intercellular junctions and the use by GBS of a paracellular route to traverse ME180 cells. ME180 epithelial cells retain many of the morphological features of differentiated stratified squamous epithelia. Transmission electron microscopy images showed that the apical surface of ME180 cells was decorated with numerous microvilli, which were also present as thin processes extending from cell to cell (figure 3A). These processes were seen to be derived from the opposing cells and to be connected by numerous junctions, resembling true desmosomes, between the cells that contained bundles of tonofilaments. When ME180 cells grown on filters were infected for 4 h with GBS strain 2603 V/R, very few bacteria were found intracellularly, whereas the majority were located on top of microvilli or in the proximity of intercellular junctions (figures 3B and 3C).
Figures 4A and 4B show the localization of bacteria on top of junctions, which appear to be as tight as in noninfected cells. However, we also observed bacteria transversing intercellular junctions by a temporary dislocation of junctional elements ( figure 4C ). Once the bacteria were on the other side of the monolayer (figures 4D and 4E), the junctions appeared to have the same integrity as they did before translocation, supporting our data indicating that GBS infection did not affect the integrity of epithelial cell monolayers.
Colocalization of GBS with both tight and adherent junctions. To better visualize the paracellular passage of bacteria, we used confocal microscopic 3-dimensional image reconstruction methods. Caco2 cells grown on polycarbonate filters were infected with GBS strain COH1 at an MOI of 100:1 for 4-6 h. Confocal imaging analysis of Caco2 cells stained for F-actin after 6 h of infection with GBS strain COH1 showed colocalization of the bacteria with junctions and a frequent presence in the intercellular space (figure 5A). Caco2 cell junctional complexes were also visualized by staining the tight junction scaffolding protein ZO-1. As shown in figure 5B, GBS clearly distributed through the cell periphery, without inducing, at the site of translocation, an evident mislocalization of ZO-1 to the basolateral membrane. However, very few bacteria were found intracellularly, confirming that translocation occurred mainly through a paracellular route and not by an intracellular invasive pathway.
Formation of desmosome-like structures is a marker of differentiation of cervical squamous epithelial cells [16] , such as ME180 cells. These structures are characterized by the presence of typical tonofilaments rich in keratin. To confirm the attainment of a fully differentiated phenotype, ME180 cells were stained for both F-actin and cytokeratins; we used phalloidin and an antibody that recognizes most common keratins, respectively. As expected, keratin is expressed at high levels at intercellular junctions in differentiated ME180 cells, where it colocalizes with translocating bacteria ( figure 5C ). Optical sections of ME180 cells stained for bacteria (red), actin (blue), and cytokeratins (green) were used to reconstruct the 3-di- mensional shape of ME180 cells infected with GBS. As shown in figure 6A and 6C, cytokeratins were similarly expressed and distributed in cells sham-treated or infected with GBS, and no actin rearrangements were observed during translocation of GBS ( figure 6B and 6D) .
It has been previously reported that internalization of GBS is inhibited in ME180 cells pretreated with cytochalasin D or with Clostridium difficile toxin B [6] , which affect actin filaments and Rho GTPase activity, respectively. To confirm that the paracellular mechanism was independent of internalization of bacteria, we compared the effect of C. difficile toxin B on invasion and transcytosis. Indeed, we found that preincubation of ME180 cells with 100 ng/mL C. difficile toxin B for 1 h significantly reduced GBS invasion (figure 7A) but did not affect the capacity of GBS to traverse the epithelial monolayer (figure 7B).
DISCUSSION
GBS adheres to a variety of human cells, including vaginal and intestinal epithelium, placental membranes, respiratory tract epithelium, and blood-brain barrier endothelium [1, [17] [18] [19] . Many environmental factors, such as the acidic pH of the vaginal mucosa, contribute to the adherence of GBS to host cells [20] . Binding by bacterial proteins of extracellular matrix components such as fibronectin, fibrinogen, and laminin plays an important role in colonization by GBS [21] . However, although adherence to mucosal surfaces allows GBS to compete for a niche in the gastrointestinal and vaginal tracts, the ability to penetrate such cellular barriers is an important feature related to its pathogenicity. Cellular invasion by GBS occurs when the organism triggers its own endocytotic uptake and enters the cell within a membrane-bound vacuole, a process that requires microfilament components of the host cytoskeleton and is now understood to involve host signaling pathways mediated by propidium iodide 3-kinase [3] . Cellular invasion is correlated with GBS's virulence potential, because clinical isolates from infants with bloodstream infections are better able to invade epithelial cells than are strains from the vaginal mucosa of asymptomatic women [22] . However, it has also been reported that COH1, a highly encapsulated GBS strain, was able to invade and translocate across a polarized brain microvascular epithelial cell monolayer without marked changes in transendothelial electrical resistance and without allowing passive diffusion of the noninvasive control strain of S. gordonii [23] .
Intestinal epithelial Caco2 cells have been widely used as a model for the intestinal barrier because they express typical epithelial markers of differentiation [24] . However, ME180 cells, which derive from a human cervical carcinoma, have a phenotype that resembles that of ectocervical squamous epithelial cells. Indeed, ME180 cells appear as small, polygonal, tightly adherent cells characterized by intercellular connections similar to those observed in the epithelium of the stratum spinosum. Moreover, they can randomly form stratified colonies composed of 2-3 cell layers.
It is known that production of capsule polysaccharides or sialic acid results in reduced invasion of GBS [15] . Indeed, infection of Caco2 and ME180 cells with GBS capsule-deficient mutants showed an increased invasive phenotype compared with that of isogenic wild-type strains. However, translocation through differentiated epithelial monolayers was not affected by capsule content. This lack of correlation was not due to a capsule antiphagocytic intracellular survival mechanism (data not shown), as previously described for E. coli K1 [25] . It has also been proposed that GBS may induce disruption of the epithelial barrier by a combination of 3 processes: intracellular invasion, direct cytolytic injury, and damage induced by the inflammatory response of the host [26] . This model was, in part, based on the fact that GBS b-hemolysin promotes injury to epithelial cells and increases in vitro permeability [27] . We found that under the experimental conditions of transcytosis assays, GBS did not induce relevant toxicity. On the basis of this evidence, we hypothesized that GBS may use a paracellular route to traverse epithelial cells. This hypothesis was, in part, supported by recent data on group A Streptococcus, which translocates across primary human keratinocytes by a paracellular route [9] . In particular, a group A Streptococcus capsule-deficient organism failed to efficiently translocate through the monolayer but rather remained trapped within keratinocytes in the superficial epidermis.
However, the maintenance of the monolayer's integrity for up to 6 h after infection, as monitored by measurement of transepithelial electrical resistance, indicates that the paracellular translocation process of GBS, in part, differs from that used by group A Streptococcus. Indeed, group A Streptococcus acts by inducing marked cytoskeletal rearrangements manifested by membrane ruffling and disruption of intercellular junctions, leading to delocalization of the scaffolding junctional protein ZO-1 [9] . In contrast, in Caco2 cells, the interaction of GBS with ZO-1 triggered no major changes in ZO-1 expression or localization. We suggest that paracellular translocation of GBS is likely to be a transient phenomenon, such as that proposed for H. influenzae [8] .
This hypothesis was clearly demonstrated by transmission electron microscopy and confocal imaging of the cellular events associated with GBS infection of epithelial cells. Transmission electron microscopy highlighted the intimate association of bacteria with intercellular junctions and the capacity to cross the monolayer by a transient modification of junctional complexes, which reassociate after bacterial translocation. These findings were further confirmed by confocal microscopy studies showing that GBS is preferentially found along the cell perimeter in close association with actin. This phenotype was similarly observed in both Caco2 cells expressing tight junctions and ME180 cells expressing adherent junctions. Of note, not only singular bacteria but also coccoid chains were found between cells, indicating that such a route may be a more efficient mechanism than the intracellular one, in which bacteria translocate in vacuoles as single cells [15] .
Expression of cytokeratins is an important differentiation marker for squamous epithelial cells, because they maintain the structural integrity of adherent junctions. The lack of effect of GBS infection on expression and distribution of cytokeratins confirmed the hypothesis that translocation of GBS does not affect cellular integrity.
Virulence is likely related to the capacity of GBS to actively translocate from the site of colonization to target organs. The findings reported in the present article suggest a novel invasive route for GBS and, consequently, open new perspectives on the pathogenesis of GBS.
